Introduction
The PTEN (phosphatase and tensin homolog located on chromosome 10) gene product is a lipid and protein phosphatase that negatively regulates the phosphoinositide-3-kinase (PI3K)/Akt signaling pathway [1] . PTEN opposes the function of PI3K by shifting the balance from phosphatidylinositol (3,4,5)-triphosphate to phosphatidylinositol (4,5)-biphosphate [2] . Since phosphatidylinositol (3,4,5)-triphosphate is required for the activation of 3-phosphoinositide-dependent protein kinase 1, and this kinase in turn phosphorylates and activates Akt, PTEN essentially suppresses Akt activity. Phosphorylated Akt is a crucial regulator of cell survival, growth and differentiation that functions by phosphorylating many down-stream targets. One major Akt target is the tuberous sclerosis complex protein, tuberin (TSC2), which is phosphorylated and inhibited by Akt [3, 4] . Since TSC inhibits the mammalian target of rapamycin (mTOR) through inactivation of the small GTPase Rheb [5, 6] , Akt normally promotes mTOR activity. Thus PTEN, by suppressing PI3K/Akt signaling, also suppresses the downstream mTOR kinase activity. mTOR is critically involved in cellular growth and development. This kinase is a core component of distinct protein complexes, mTORC1 and mTORC2 [7] . mTORC1 is primarily involved in the control of protein translation and cellular growth by phosphorylating translation initiation complexes and the ribosomal S6 kinase (p70S6K). mTORC2, on the other hand, participates in a positive feedback loop by phosphorylating Akt at serine 473 [8] , a site distinct from that affected by PI3K signaling (threonine 308). Since mTOR promotes protein translation [9, 10] , unmitigated activity of this kinase in neurons may lead to deregulated synthesis of dendritic and synaptic proteins.
In addition to its well-known association with cancer, PTEN has been implicated in several neurological disorders [11] . Interestingly, mutations in either PTEN or downstream TSC1 / TSC2 genes are associated with autism spectrum disorders and epilepsy. These findings suggest that deregulation of the PI3K/Akt/mTOR signaling cascade contributes to the etiology of these diseases. However, the molecular mechanisms underlying altered behavior, cognition and neuronal excitability in autism spectrum disorders and associated epilepsy are not understood. In order to study the role of PTEN deficiency in brain development, several conditional Pten knockout mouse models have been generated. Deletion of Pten in neural progenitor cells, accomplished by the use of a nestin promoter-driven Cre transgene, resulted in increased proliferation, brain enlargement and perinatal lethality [11, 12] . Pten deletion driven by a GFAP promoter active in a subset of neuronal progenitor cells (NS-Pten) leads to ataxia, macrocephaly, neuronal hypertrophy and epileptic seizures [13] [14] [15] . Treatment with mTOR inhibitors, such as rapamycin or its analogs, rescued the phenotype of these mice and dramatically suppressed seizures, demonstrating the key role of mTORC1 in Pten-dependent epilepsy [15, 16] . Interestingly, loss of Pten from a subset of forebrain neurons, achieved by the use of the neuronspecific enolase-Cre transgene, produced mice that displayed behavioral defects reminiscent of autism [17] . Using a knockdown approach, a recent study indicated that Pten reduction in mature neurons enhances the excitatory drive, thus altering the excitatory/inhibitory ratio [18] .
In this study, we sought to further investigate the function of Pten in the formation of forebrain cortical structures and in the regulation of neuronal excitability. We generated a novel conditional knockout line (NEX-Pten ) by crossing Pten loxP/loxP mice with NEX-Cre transgenic mice, in which virtually all excitatory neurons of the forebrain express Cre [19] . The phenotype of homozygous NEX-Pten conditional knockouts includes premature death, macrocephaly, alterations in forebrain development, and expression of proteins involved in migration, dendrite maturation and neuronal activity in this region.
Materials and Methods
Mice NEX-Pten mice were generated by crossing homozygous NEXCre knockin mice [19] with Cre-negative conditional neuron subset-specific Pten (NS-Pten ) knockout mice (Pten loxP/loxP ), which have been described previously [15] . NEX-Cre mice (backcrossed for 10 generations to C57Bl/6 mice) were received from Dr. Klaus Nave. In these studies, NEX-Cre +; Pten loxP/+ (heterozygous) mice were used for breeding to generate NEX-Cre+;Pten +/+ (wild-type), heterozygous and homozygous (NEX-Cre+;Pten loxP/loxP ) knockout mice. The weight of NEX-Pten mouse pups from several litters was recorded daily (Monday-Friday), beginning after birth at postnatal day 0 (P0). For rapamycin treatment, a small cohort of homozygous mutant mice (n = 3) received 0.5 mg/kg subcutaneous injections of rapamycin every other day for 2 weeks starting at P1. Survival and weight comparisons were made with untreated mutants of the same age whenever possible. All experiments and animal housing were in accordance with procedures approved by the Animal Protocol Committees at Rutgers University and Baylor College of Medicine, according to the National and Institutional Guidelines for Animal Care established by the National Institute of Health.
Tissue Immunofluorescence
Brains were isolated at P0 immediately after birth, postfixed in 4% formaldehyde dissolved in phosphate-buffered saline (PBS) for 24 h, and then transferred to a 30% sucrose solution in PBS for cryoprotection. After sinking in the sucrose solution, brains were frozen in a 30% sucrose/Cryo-OCT compound solution (30: 70 mixture; Fisher) and serially sectioned at 30 m on a cryostat. To detect potential migration deficits caused by Pten deficiency during development, pregnant dams were treated with 100 mg of 5-bromo-2 -deoxyuridine (BrdU; Sigma) per kilogram of body weight by intraperitoneal injection at embryonic day 15.5 (E15.5) to label proliferating neurons. For immunofluorescence and BrdU labeling, sections were incubated in 2 N hydrochloric acid for 30 min at 37 ° C, followed by neutralization with 100 m M sodium borate (pH 8.5) for 10 min at room temperature. Sections were then permeabilized in 0.1% Triton X-100 (in PBS) for 10 min and blocked with 10% normal goat serum in 0.1% Triton X-100 (in PBS; blocking solution) for 1 h at room temperature. Sections were incubated with primary antibodies in blocking solution overnight at 4 ° C. Primary antibodies were as follows: rat anti-BrdU (1: 100; Abcam), mouse anti-Cre (1: 100; Covance), rabbit anti-Cux1 (1: 100; Santa Cruz Biotechnology), mouse anti-Reelin (anti-Reln; CR-50; 1: 500; purified from hybridoma cell culture supernatants using Hi-Trap protein G columns; Amersham Biosciences), and rabbit anti-Tbr1 (1: 100; Millipore). Sections were then washed and incubated with Alexa Fluor 488-, Alexa Fluor Cy5-or Alexa Fluor 647-conjugated secondary antibody (1: 500; Invitrogen) for 1 h at room temperature. After washing with PBS, sections were mounted with Vectashield Mounting Medium with DAPI (Vector Laboratories). Multiple sections from 2 to 3 mice per genotype were examined. Representative images were acquired using a Yokogawa CSU-10 spinning disk confocal head attached to an inverted fluorescence microscope (Olympus IX50). ImmunoResearch Laboratories) were then used, followed by peroxidase-conjugated avidin (Vectastain Elite ABC kit, Vector Laboratories). Immunoreactivity was detected by 3,3 -diaminobenzidine substrate (Vector Laboratories). Slides were counterstained with Mayer's hematoxylin (VWR) and mounted in Cytoseal 60 (VWR). For histology, thionin staining (FD Neurotechnologies) was performed on 30-m brain sections fixed in formaldehyde (as described above). Briefly, sections were placed in xylene for 3 min, followed by two incubations in 100% ethanol (3 min each). Next, slides were immersed in 95% and 75% ethanol (3 min each), and then in distilled water 3 times (3 min each). Brain sections were stained in thionin solution for 10 min, rinsed briefly in distilled water, and then immersed in 95% ethanol with 0.1% glacial acetic acid for 2 min. Finally, sections were dehydrated in 100% ethanol with 4 changes (2 min each), cleared in xylene for 3 changes (3 min each) and mounted with Permount (Fisher).
Immunohistochemistry

Dissociated Cortical Culture Preparations and Analysis
Cortical brain tissue was dissected from wild-type, heterozygous and homozygous NEX-Pten knockout littermates at P0 (immediately after birth) in cold Hank's balanced salt solution (Invitrogen), cut into small pieces, and pooled. Neuronal cultures were prepared using a papain dissociation kit (Worthington). Cells were then strained with a 70-m filter, and centrifuged for 5 min at 300 g . The pellet was resuspended in a solution of Earle's balanced salt solution/deoxyribonuclease I/ovomucoid protease inhibitor. The resuspension was layered on top of 5 ml ovomucoid protease inhibitor solution, centrifuged for 6 min at 100 g , and then centrifuged for an additional 6 min at 200 g to evenly coat the cells with the ovomucoid solution. Cells were resuspended in a mixture of 98% neurobasal medium, 2% B-27 supplement, 0.5 m M glutamine and 0.5 m M PenStrep (Invitrogen), plated onto poly-L -lysine-coated glass coverslips at a density of 55,000 cells/ cm 2 , and maintained at 37 ° C in 5% CO 2 in a water-jacked incubator for 15 days in vitro. Half the culture medium was replaced with freshly prepared medium every 4-5 days for maintenance. Cultures were washed with PBS and then immediately fixed with 4% formaldehyde (in PBS) for 15 min at room temperature. Subsequently, cells were washed 3 times for 5 min with PBS, permeabilized with 0.1% Triton-X (in PBS) for 10 min and blocked with 10% bovine serum albumin in 0.1% Triton-X/PBS for 30 min. In order to label actin, rhodamine phalloidin conjugate (10 l; Invitrogen) was added to the blocking solution for 15 min followed by 3 PBS washes. For Pten immunolabeling, primary antibody (1: 250; Cell Signaling) was diluted in 10% goat serum/0.1% Triton-X/PBS and incubated overnight at 4 ° C. Cells were then washed with PBS and incubated with Alexa Fluor 488-conjugated secondary antibody (1: 500; Invitrogen) in 0.1% Triton-X/PBS for 1 h at room temperature. After additional PBS washing, coverslips were mounted with Vectashield Mounting Medium with DAPI (Vector Laboratories). Cortical neurons were imaged at random with a Leica DM5000B epifluorescence microscope using a ! 20 objective (HC PLAN APO; N.A. 0.7). The somas of Pten-positive and Ptennegative neurons were traced from merged images using the Freehand Selection tool in ImageJ to measure their size. The data were averaged and analyzed using a Student t test.
Western Blot Analysis
Brains of NEX-Pten mouse pups were isolated immediately after birth at P0 in chilled Hank's balanced salt solution (Invitrogen). Cortex and hippocampus were then dissected and homogenized together in RIPA lysis buffer [50 m M Tris (pH 7.4), 1% NP40, 0.25% sodium deoxycholate, 150 m M NaCl, 1 n M EDTA] with protease (Complete Mini, Roche) and phosphatase inhibitors (PhosSTOP, Roche). Protein concentrations were determined by the Bradford method. Samples were supplemented with Laemmli sample buffer, boiled for 3 min and then subjected to SDS-PAGE. Proteins were electrotransferred by a wet blotting method to a 0.2-m nitrocellulose membrane. The membranes were washed with TBS-T solution [0.1% Tween-20, 0.8% NaCl, 20 m M Tris (pH 7.5)], and blocked in a 3% nonfat dry milk solution (in TBS-T) for 1 h, followed by additional washing. Membranes were incubated in 0.3% nonfat dry milk/TBS-T with the appropriate primary antibodies overnight at 4 ° C. Primary antibodies were as follows: mouse anti-actin (1: 10,000; Millipore), rabbit anti-phospho-Akt (serine 473; 1: 1,000; Cell Signaling), mouse anti-phospho-Akt (threonine 308; 1: 1,000; Cell Signaling), rabbit anti-phospho-ribosomal protein S6 (serine 240/244; 1: 1,000; Cell Signaling), rabbit anti-Dab1 (1: 1,000; Rockland), rabbit anti-GluR1 (1: 1,000; Millipore), rabbit anti-MAP2 (1: 1,000; Millipore), mouse anti-NeuN (1: 1,000; Millipore), rabbit anti-NR2A (1: 1,000; Millipore), rabbit anti-NR2B (1: 1,000; Millipore), and rabbit anti-PTEN (1: 1,000; Cell Signaling). After primary antibody incubation, membranes were washed with TBS-T and incubated with horseradish peroxidase-conjugated secondary antibodies. Membranes were incubated with ECL-Plus Western blotting detection system (Pierce/ Thermo Fisher) to develop antibody signal, and then exposed to autoradiographic films. The levels of each protein analyzed were normalized to the intensity values of actin (loading control). Samples obtained from n = 3 different mice of each genotype were run on the same membrane for direct comparison and statistical anal-ysis. Wild-type values were averaged and the mean converted to 100%. Data from heterozygous and knockout mice are represented as fold change over wild-type intensity levels.
Statistical Analyses
Survival curves for NEX-Pten mice were analyzed using a logrank (Mantel-Cox) test. The Student t test was used to compare the body weight of homozygous to wild-type mice. Data regarding the survival and the body weight of NEX-Pten homozygous knockout mice with or without the rapamycin treatment were analyzed by the Student t test. For analysis of in vitro soma size, data from Pten-positive and Pten-negative neurons were compared using a Student t test. For Western blot analysis, NEX-Pten wildtype and heterozygous or homozygous data were compared using a Student t test or a one-sample t test. Statistical significance was reported as t(d.f.) = t score, when p ! 0.05. Since no significant difference was found between heterozygous and wild-type mice, statistical comparisons are only reported between homozygous mutant and wild-type mice.
Results
In order to evaluate the effects of Pten deficiency on brain development and neuronal differentiation, we generated a novel conditional Pten knockout line, using the NEX promoter to induce Cre expression and Pten deletion in all forebrain excitatory neurons immediately after they become postmitotic [19] . To generate this NEX-Pten mouse line, homozygous NEX-Cre knockin mice were initially bred with homozygous Pten loxP/loxP mice, producing double-heterozygous Cre +; Pten loxP/wt mice, which appeared healthy and fertile. From the intercrossing of these mice, control and mutant mice of all expected genotypes were obtained. However, while heterozygous Cre+;Pten loxP/wt mice appeared normal, the majority of homozygous Cre+;Pten loxP/loxP knockout mice (n = 37) died within 1 week after birth ( fig. 1 a) fig. 1 b) . When a rare homozygous mutant survived past P6, it appeared severely runted ( fig. 1 c) and was therefore sacrificed at P8. At this age, the brain of the homozygous Pten knockout mouse could be easily distinguished from that of a wild-type littermate due to its noticeable increase in size ( fig. 1 d) . To determine whether the premature lethality of homozygous Pten knockout mice was due to excessive activation of mTOR, we treated a cohort of mutant pups (n = 3) with the mTORC1 inhibitor rapamycin every 2 days starting on P1. As compared to untreated mutants (n = 37), rapamycin treatment dramatically and significantly increased the survival of homozygous Pten knockout mice, from approximately 5 to 15 postnatal days [t(38) = 6.044, p ! 0.001] ( fig. 1 e) . In addition, the body weight of mutant mice treated with rapamycin (n = 3) was significantly increased compared with untreated knockout mice (n = 11) starting at P2 [t(12) = 2.824, and 4.284, for P2 and P3, respectively; t(11) = 4.09 for P4; t(4) = 5.5 for P5; t(5) = 4.572 for P6; p ! 0.05] ( fig. 1 f) .
The enlargement of the forebrain, resulting from Pten loss in homozygous mutants, was confirmed by the analysis of brain anatomy in newborn mice. Comparable brain sections obtained from homozygous and wild-type littermates were processed by histological staining. Lowpower images reveal a clear enlargement of the forebrain, but not midbrain or hindbrain structures, in homozygous mutants ( fig. 2 a, b) , consistent with the predominantly restricted expression in forebrain regions ( fig. 3 a) [19] . In addition to the expansion of forebrain structures such as the cerebral cortex ( fig. 2 c, d ) and the hippocampus ( fig. 2 e, f) , distorted and less compact cellular layers were consistently observed in homozygous mutant structures. Hindbrain structures such as the cerebellum did not differ between genotypes ( fig. 2 g, h) . All brain structures were unaffected in heterozygous Pten knockout mice (data not shown).
To further verify the spatial and cellular specificity of our NEX-Pten knockout line, we examined Cre and Pten protein expression in newborn mice. Immunofluorescence data confirmed the previously reported predominant expression of NEX-Cre in the forebrain ( fig. 3 a) . This expression pattern correlated with the loss of Pten, as Western blot analysis demonstrated a gradual reduction of Pten expression in neonatal forebrain structures of heterozygous and homozygous NEX-Pten knockout mice, but not in hindbrain structures such as the cerebellum ( fig. 3 b) . Pten immunohistochemistry further revealed that the majority of neurons in the neocortex of homozygous knockout mice were indeed Pten-negative, whereas most neurons present in similar areas of the neocortex of wild-type mice were Pten-positive ( fig. 3 c, d) . Thus, the pattern of Pten deletion in the neocortex of homozygous mutants is consistent with the previously reported specific expression of NEX-Cre in excitatory, glutamatergic principal neurons [19] . The few Pten-positive cells seen in the neocortex of homozygous knockout mice could be interneurons or glial cells, which do not express NEX-Cre [19] .
Pten-negative cortical neurons in homozygous mutants were obviously enlarged compared to Pten-positive neurons in wild-type controls, and sometimes protruded into the marginal zone, a region that is normally cellpoor ( fig. 3 c, d ). To examine their size in more detail, we co-cultured cortical neurons from embryos obtained from the mating of two NEX-Pten heterozygotes. Ptennegative and Pten-positive neurons were identified by Pten immunofluorescence, and were double-labeled by rhodamine-conjugated phalloidin to stain the cell bodies, and by DAPI to visualize the nuclei. The cell bodies were then traced to measure the soma size. The data indicate that Pten-negative neurons were indeed significantly larger than Pten-positive neurons and exhibited thicker neuritic processes ( fig. 3 e-g ). These findings are entirely consistent with previous reports, describing neuronal hypertrophy of mutant neurons in different Pten conditional mutants [13] [14] [15] .
To better examine the effect of Pten loss on the migration and positioning of excitatory neurons into cortical layers, we conducted immunofluorescence experiments in the newborn brain. Since the migration of principal cortical neurons is largely controlled by Reln [20] , we first examined the expression of this protein. The Reln signal was predominantly observed in the marginal zone of both wild-type and homozygous NEX-Pten mutants ( fig. 4 a, b) . The size and layer localization of Reln-posi- tive Cajal-Retzius cells appeared similar in both genotypes, consistent with the lack of NEX-Cre expression in these cells [19] , although their distribution appeared slightly uneven in the mutant cortex. Principal cortical neurons, which lack Pten expression, were visualized by Tbr1 and Cux1 immunofluorescence and BrdU incorporation. Tbr1 immunofluorescence readily identifies early-born neurons residing in deep cortical layers of wildtype mice ( fig. 4 c) . Many Tbr1-positive neurons were also correctly positioned in deep cortical layers in the homozygous mutant neocortex. However, these layers appeared less compact than in the wild-type, and some Tbr1-labeled neurons were also present at the surface of the cortex, near or within the marginal zone ( fig. 4 d) .
Late-born cortical neurons labeled with BrdU at E15.5 migrated properly to the upper layers of the newborn cortex in Pten homozygous mutants as well as wild-type littermates ( fig. 4 e-h ). Additionally, expression of Cux1, an upper layer marker, did not differ between mutant and control mice ( fig. 4 f, h ), suggesting that cell type specification and radial migration are largely unaltered by the cell autonomous loss of Pten in principal neurons of the neocortex.
Since Pten normally acts to suppress the PI3K/Akt/ mTOR pathway, we hypothesized that the abnormal forebrain development observed in Nex-Pten homozygous mutants would correlate with altered signaling. Using Western blots, components of this signaling cascade were analyzed from multiple mice (n 1 3 per genotype) and the values were normalized to that of actin to take into account potential increases in general translation mechanisms or loading errors. In lysates of the forebrain dissected from newborn pups, a progressive reduction of Pten expression was observed in heterozygous and homozygous mutant mice ( fig. 3 b, 5 a, b) . Statistical analysis confirmed a significant reduction in Pten expression in homozygous knockout mice compared to wild-type littermate samples [t(4) = 3.851, p ! 0.05]. Homozygous Pten knockout mice also exhibited dramatic increases in the levels of Akt phosphorylation at two different sites, serine 473 (the target of mTORC2) and threonine 308 (the target of the 3-phosphoinositide-dependent protein kinase 1) ( fig. 5 a) . We found that both phosphorylation events were significantly increased in homozygous Pten knockout compared to wild-type mice [t(4) = 5.484 and 5.044, for serine 473 and threonine 308, respectively, p ! 0.05], whereas total levels of Akt were unaffected. These data indicate elevated activity of PI3K and mTORC2 in homozygous mutants. Next, we examined the activity of mTORC1 by analyzing targets such as ribosomal protein S6 and Grb10. Levels of phospho-S6 were noticeably increased in homozygous NEX-Pten mice ( fig. 5 b) . Total levels of Grb10, a newly identified substrate of the mTORC1 that is stabilized by phosphorylation [21, 22] , were also significantly elevated in samples from homozygous mutants [t(8) = 4.084, p ! 0.004] ( fig. 5 b) . The data indicate elevated mTORC1 activity in homozygous NEXPten mutant mice. No changes in PI3K or mTOR signaling were observed in the cerebellum of homozygous NEX-Pten mice, as expected (data not shown). Together, our data demonstrate that the loss of Pten in excitatory neurons of the forebrain leads to elevated activity of the PI3K/Akt/mTOR signaling cascade.
To investigate the consequence of the excessive activation of the PI3K/Akt/mTOR signaling pathway, we examined several key proteins that are involved in different aspects of brain development, such as migration, differentiation and synaptic function. All proteins examined were normalized to the levels of actin to take into account potential changes in protein levels or loading errors. Given the distortion of cellular layers observed in homozygous mutant mice, we examined the levels of Dab1, an adapter protein that is a critical mediator of Reln in the control of layer formation [20] . We found that Dab1 levels were significantly increased approximately 3-fold in the forebrain of homozygous, but not heterozygous, NEXPten mice [one-sample t test: t(2) = 5.267, p ! 0.03] ( fig. 6 a,  b) . To examine the consequences of Pten deletion on neuronal differentiation, we analyzed the expression levels of mature neuron markers, such as MAP2 and NeuN. We found that homozygous Pten knockout mice displayed significantly increased levels of MAP2 in the cortex [t (10) fig. 6 e, f). Levels of NR2A and NR2B in heterozygous mice appeared slightly increased compared to wild-type samples, however, the difference did not reach statistical significance (p 1 0.05). Levels of the AMPA receptor GluR1 were unaltered in heterozygous as well as homozygous mutant mice (p 1 0.05) ( fig. 6 e, f), suggesting that Pten deletion in excitatory forebrain neurons specifically affects the expression of NMDA receptor subunits.
Discussion
The Pten phosphatase has previously been implicated in several aspects of neuronal development, including soma size determination, axon specification, dendrite branching and synapse formation (reviewed by van Diepen and Eickholt [23] ). These neuroanatomical changes correlate with altered behavior and neuronal physiology in Pten mutant mice, which are reminiscent of autistic-like traits and epilepsy in human patients carrying PTEN mutations. However, the molecular mechanisms underlying the etiology of these neurological abnormalities have not been elucidated. Here we generated a novel conditional knockout mouse in which Pten was deleted in all excitatory neurons of the forebrain by the selective expression of Cre driven by the NEX promoter [19] . Our initial characterization of this line revealed that homozygous mutants are severely affected by macrocephaly and neuronal hypertrophy, and die prematurely shortly after birth. Postnatal treatment with the mTORC1 inhibitor rapamycin prolonged survival, demonstrating the role of this signaling complex in the overt phenotype of the mutant mice. Premature death, however, did not prevent us from analyzing the development of the neonatal cerebral cortex at the anatomical and molecular level. Notably, we found that loss of Pten in excitatory forebrain neurons did not affect their ability to migrate into the cortical plate and positioning into appropriate cellular layers, consistent with our previous observations in NS-Pten mice [15] . However, overmigration into the marginal zone and a distortion of cortical cellular layers was observed in homozygous mutants. A similar overmigration phenotype was previously reported in Cullin 5 knockout mice, which express high levels of the Reln signaling protein Dab1 [24] . The Reln-Dab1 signaling pathway is required for radial migration and layer formation. Levels of Dab1 are regulated by ubiquitination and Cullin 5 proteasome degradation, and these processes are believed to ensure that neurons terminate their upward migration once the marginal zone is reached [25] . We found a striking increase in the levels of this protein in the homozygous mutant forebrain, Pten loss in homozygous NEX-Pten mice also caused specific increases in the levels of the dendritic marker MAP2, consistent with previous reports of dendrite hypertrophy in upper cortical layers [26] [27] [28] . It is not presently clear whether MAP2 protein upregulation causes dendrite hypertrophy or simply reflects the overgrowth of these processes. We also found that forebrain regions of NEX-Pten homozygous mutants express higher levels of the NMDA receptor subunits 2A and 2B, whereas levels of other glutamate receptor subunits, such as GluR1, were unaffected. Given the role of the NMDA receptor in synaptic plasticity, these findings reveal a candidate molecular mechanism by which Pten controls this process in excitatory forebrain neurons.
Our present findings that Pten loss alters the expression of NMDA receptor subunits are consistent with previous studies indicating that Pten is present in synaptic fractions, where it physically associates with this receptor and modulates synaptic plasticity [29, 30] . Further studies are required to determine whether the elevated levels of NR2A and NR2B found in NEX-Pten homozygous mutant mice result from mTOR-mediated increases in local protein translation, or by increased protein stability. In a recent study, we found that levels of NR2A and NR2B were decreased in NS-Pten knockout mice, in which gene deletion occurred in selected neuronal progenitors [30] . This apparent discrepancy could be due to the different cell specificity of the knockout lines. Alternatively, it could be due to the different age of the mice at the time of analysis: adult mice were analyzed in our previous study, whereas newborn mice are analyzed here. In light of the present findings, we hypothesize that a loss of Pten leads to an initial increase in NR2A and NR2B levels in developing neurons, which may trigger compensatory, homeostatic mechanisms leading to reduced expression of these synaptic proteins in the adult brain. Given the early lethality of our NEX-Pten mutant mice, we unfortunately are not able to directly test this hypothesis in vivo. Future studies with dissociated neuronal cultures derived from homozygous NEX-Pten mutant embryos will be required to address this issue. Germ line mutations in PTEN in humans have been associated with a variety of neurological disorders, including autism and epilepsy [31] [32] [33] [34] [35] . Since these are heterozygous mutations, it will be interesting to determine whether our newly generated NEX-Pten heterozygous mice, which appear normal at first glance, exhibit behavioral, physiological or molecular synaptic deficits upon closer examination at later ages. In this study, we noted a modest increase in NR2A and NR2B levels in newborn NEX-Pten heterozygous mice. However, the values did not reach statistical significance. Additional analysis of animals at different ages and more quantitative methods of analysis may be required to obtain conclusive data on the expression of these receptor subunits in heterozygous mice. Furthermore, it will be worthwhile to investigate whether these mice are more susceptible to seizure in response to insults, such as traumatic brain injury or chemical convulsants. Since heterozygous NEX-Pten mice appear healthy and have a normal life span, these experiments are feasible and are likely to be informative.
In conclusion, we generated a novel conditional knockout mouse line that will facilitate further analysis of the role of Pten in the maturation of excitatory neurons of the forebrain. These studies will lead to a better understanding of the mechanisms underlying cognitive dysfunction and epilepsy associated with PTEN mutations in human patients.
